Thermal halogenation of a wide range of metal carbides provides a simple route to a class of so called carbide derived carbon (CDC) materials. The porosity of the CDCs, which is mainly in the microporous regime, may be modulated by choice of metal carbide precursor and halogenation temperature. However, although the pore size of CDCs can be fine-tuned by the choice of synthesis process, the maximum surface area achieved is only up to 2500 m 2 ·g -1 , which limits their use in gas storage or in electrochemical capacitor applications that require larger surface areas. The article is focussed on what has and can be done to enhance the textural properties of CDCs via further post-synthesis treatments and the ramifications of such modifications on their gas/energy storage capacity. The main developments in physical and chemical activation of CDCs and consequences on gas and energy storage are summarised.
Introduction
The best way of getting the maximum performance from a material is to design it so that it has properties that perfectly fit the requirements of the targeted application. In this sense, the careful control and tuning of the porous structure of carbon materials is required for various applications, such as gas (e.g., hydrogen) storage or in electrochemical capacitors. Thus, several studies have shown the influence of pore size on the hydrogen storage capacity of carbon materials, and in particular the crucial role of narrow micropores (see Figure 1a) , which are more efficient for hydrogen uptake due to a stronger interaction between the pore walls and the hydrogen molecules. [1] [2] [3] [4] [5] Similarly, studies have shown that the highest capacitance in an electrochemical capacitor is achieved when the size of pores in the carbon material matches that of the electrolyte ions, [6] [7] [8] [9] [10] as illustrated in Figure 1b . This has been attributed to distortion and partial desolvation of ions minimizing the distance between the ion and the pore wall. 6, 9 However, for high power applications the presence of larger pores might be beneficial. 6, 10 For gas storage and electrochemical capacitor applications, the carbons should possess large surface areas accessible to the sorbate (for sorption processes) or electrolyte (for electrochemical capacitors) as these processes depend on surface area.
Carbon materials with a narrow pore size distribution centred in the micropore range can be obtained by two methods: i) a nanocasting technique using zeolite as template to generate the so-called zeolite-templated carbons (ZTCs), and ii) selective thermochemical etching, by high-temperature chlorination, melts, supercritical water or vacuum deposition, of the metal from a rigid metal carbide lattice (e.g., ZrC, TiC, SiC)
to generate carbide derived carbons (CDCs).
The template based nanocasting technique is a multi-step technique which basically consists of the carbonization of an organic compound in the nanospace of an inorganic substance which acts as template and the liberation of the resultant carbon from the template ( Figure 2a) . As a result, a carbon material is formed whose porosity is an inverse replica of the template inorganic framework. This technique allows the formation of carbon materials with relatively well controlled structural characteristics (i.e., surface area, pore volume, pore size, particle size, morphology, etc.) by selecting the appropriate zeolite template and nanocasting conditions. However, given that zeolites are highly crystalline aluminosilicate materials that possess uniform subnanometre sized pore and pore walls that are determined by a lattice structure, it is difficult to fine tune the pore size of ZTCs. The synthesis of CDCs, on the other hand, consists of heat treatment of metallic carbides under inert atmosphere followed by chlorination at an elevated temperature. This process may also be considered to be a nanocasting method, as the rigid metal carbide lattice acts as template, with the metal atoms extracted layer-by-layer, so that the final carbon structure is 'templated' by the carbide structure (see Figure 2b ). In this case, there is the possibility of tuning the porosity at the atomic level (i.e., with subångström accuracy) in a wide range by controlling the chlorination temperature or by selection of precursor carbide (composition, lattice type). 12, 13 Although the pore size of CDCs can be fine-tuned by the choice of synthesis process, the final carbon materials only achieve a maximum surface area of 2000 -2500 m 2 ·g -1 . This is a limitation because their use in gas storage or in electrochemical capacitor applications requires larger surface areas. This is especially the case for gas storage or energy for mobile applications. The scope of this progress report is focussed on what has and can be done to enhance the textural properties of CDCs via further post-synthesis treatments and the ramifications of such modifications on their gas/energy storage capacity.
Synthesis and Porosity Control of Carbide-derived Carbons by Thermal Halogenation
Chlorination of metallic carbides has been traditionally used for the production of metal tetrachlorides. Thus, in 1918, Hutchins patented a method for the production of silicon tetrachloride by reaction of silicon carbide with chlorine gas according to: SiC + 2 Cl 2 = SiCl 4 + C. 14 The main product of the reaction was silicon tetrachloride vapour, whereas the residual carbon, considered to be in the form of graphite, was disposed. However, it
was not until 1959 that this carbon residue attracted the attention of researchers, and The general reaction involved in the synthesis of carbon from metal carbides can be written as:
where Me represents metal.
This method has the following advantages: i) it is versatile as it can be used to obtain carbon from a variety of metal carbides, since most of the metals form volatile halides, ii) it is a low-cost process as many of the precursor carbides are inexpensive, iii) as metal is extracted layer-by-layer from the rigid metal carbide lattice, there is the possibility of controlling the porosity at the atomic level, 11 iv) as pore formation is due Similarly, Jänes and co-workers controlled the pore size of VC in the 1.17 -2.15 nm range by modifying the chlorination temperature between 500 -1100ºC, 32, 33 and between 0.8 and 4 nm for Mo 2 C by increasing the temperature from 400 to 1200ºC. 34 More recently, Leis and co-workers modified the pore size distribution of CDCs obtained from Mo 2 C by varying the chlorination temperature in the 500 -900ºC. Thus, the average pore size of the carbons was increased from 1 to 2 nm with the increase of the chlorination temperature. 35 In all studies, the surface area and pore volume of the CDCs were between 200 and 2500 m 2 ·g -1 and 0.18 and 1.68 cm 3 ·g .1 respectively as shown in Table 1 . The pore size increase and broadening of pore size distribution at higher chlorination temperature is due to the greater diffusion rate of carbon atoms, which allows them to arrange themselves in more ordered carbon structures leading to the formation of multi-layer graphitic structures (as shown by the TEM image in Figure   3a ), which in turn encourages the formation of larger pores. On the other hand, for low chlorination temperatures, the diffusion of carbon atoms is slow and they are only slightly displaced from their original positions in the metal carbide lattice, so that the morphology of the carbon network formed is close to the distribution of carbon atoms in the initial carbide structure (Figure 3b) . 28 More recently, Rose and co-workers have reported on the synthesis of CDC fibres exhibiting high surface areas, up to 3116 m 2 ·g -1 , 36 value higher than those normally reported for CDCs (see Table 1 ). The procedure comprises three steps: i) electrospinning of solutions of polycarbomethylsilane (PCS) in tetrahydrofurane, ii) pyrolisis of the resulting fibre and finally, iii) chlorination. However, these CDCs are characterized by broader PSDs (which extend in the micro and mesopore range, up to 2.5 nm) than those obtained by chlorination of crystalline SiC, which exhibit a narrow PSD below 2 nm.
Due to their finely-tunable porosity and high surface area, CDCs are promising candidates for gas (hydrogen, methane) and energy (electrochemical capacitor) storage.
In fact, the controlled pore size distribution of CDCs has allowed the study of the influence of the pore size on the gas and energy storage capacity of porous carbon materials. Thus, it has been found that the optimum pore size for hydrogen and methane storage is 0.6 -0.65 nm and 1.1 nm respectively, whereas for energy storage it is 0.7 -1.0 nm (see Figure 1) . The optimum pore size has been determined not only The below target gas storage capacity is due to the following reasons: i) CDCs with high surface areas and pore volume tend to have larger pore sizes (> 2 nm), which are less efficient for gas storage, and ii) the highest surface area reported for a CDC is limited to ca. 2500 m 2 ·g -1 (with pore size of 2.6 nm), 29 a value not high enough for storing large amounts of gas, and lower than that obtained for activated carbons. One exception is the CDCs fibres above described, which can exhibit a surface area up to 3116 m 2 ·g -1 . However, these fibres only adsorbed 3.86 wt% at 17 bar and 77 K, due probably to their broad PSD, which extends into the mesopore region. With regards to energy storage, Chmiola and co-workers, taking advantage of the narrow and tunable PSD of the CDCs, showed an anomalous increase in carbon capacitance at pore sizes less than 1 nm (see Figure 1b) . 6 Thus, defying traditional beliefs about inaccessibility of small pores to solvated ions and thus no contribution of these pores to energy storage, they demonstrated that these tailored sub-nanoporous materials exhibit very high capacitance in an acetonitrile-based organic electrolyte. These results were explained by a desolvation of the electrolyte ions entering sub-nanometer pores, the distance between the ion and the carbon surface being reduced, which results in an increase of the capacitance. In this way, the specific capacitance of CDCs is in the 150- 
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Synthesis Activation
The post-synthesis activation of CDCs (via both physical and chemical methods) has recently been explored as a way of increasing their efficiency in gas or energy storage. bar) of up to 52% compared to the raw CDCs, reaching a value of 4.7 wt%, which however still remains far from the DOE's target. This increase in hydrogen uptake is attributed to the higher surface area, which compensates for the decreased micropore volume contribution. These results show therefore that the optimal CDC activation conditions for maximizing hydrogen storage capacity are a compromise between high surface area and total pore volume versus the micropore volume. On the other hand, as previously stated, the optimum pore size for methane storage is 1.1 nm, and therefore, the higher porosity achieved through activation of CDCs is beneficial for methane uptake. Indeed, Gogotsi and co-workers observed an enhancement of 30 -50% in methane uptake of activated CDCs compared to raw CDCs as shown in Figure 4 .
We have recently studied the influence of chemical activation on the porosity and hydrogen storage capacity of CDCs derived from zirconium carbide. 54 Although chemical activation of the Zr-CDC caused a broadening of the pore size distribution (Figure 5a ), the resulting superactivated CDCs were still remarkably highly microporous, with typically 90% of surface area and 80% of pore volume associated with micropores. As a result, the observed porosity increase (i.e., 47 and 58% increase in the surface area and pore volume respectively) was accompanied by an enhancement of up to 63% in hydrogen uptake capacity (Figure 5b) respectively, which translated into an improved hydrogen uptake capacity of 6.2 wt% at -196 o C and 20 bar. Moreover, at 1 bar the superactivated CDCs store up to 2.7 wt% hydrogen, which is amongst the highest values ever reported for activated carbon.
With regards to energy storage in electrochemical capacitors, Gogotsi and coworkers have obtained results that mirror those for hydrogen storage for Ti-CDC chemically activated with KOH. 55 That is, although subnanometre pores are best suited for improving the capacitance, the overall increase in surface area and volume of pores between 1 and 2 nm compensates for the decrease in subnanometre pore volume in the activated CDC. 55 Thus, gravimetric capacitance was enhanced by 30% when the surface area and volume from pores of size larger than the solvated ion size increased, achieving a value of 180 F/g in organic electrolyte. This value is much higher than that observed for other activated carbons in the same organic electrolyte.
56,57
Conclusions and Future Outlook
The results highlighted above show that activation of CDCs is a powerful tool for improving the performance of the CDCs in gas or energy storage. CDCs are a special Figure 1 . Dependence of (a) excess hydrogen storage capacity on surface area, 4 and dependence of (b) capacitance on the pore size 9 of porous carbon materials. 
